Abstract. Hepatocellular carcinoma (HCC) is the most frequent subtype of primary liver cancer and the third most common cause of cancer-associated mortality worldwide. Previous studies have reported that microRNAs (miRNAs) serve key roles in the carcinogenesis and progression of HCC by regulating gene expression. The present study investigated the expression patterns, biological roles and underlying mechanisms of miRNA-708 (miR-708) in HCC. The expression levels of miR-708 in HCC tissue samples and cell lines were examined. Cell proliferation, migration and invasion assays were used to evaluate the effect of miR-708 on HCC cells. In addition, bioinformatic and western blotting analyses, and dual luciferase reporter assays were performed to investigate the direct gene target of miR-708. The results of the present study demonstrated that miR-708 expression was significantly decreased in HCC tissue samples and cell lines. In addition, the expression level of miR-708 was associated with increased HCC tumour stage. Furthermore, ectopic expression of miR-708 suppressed HCC cell proliferation, migration and invasion. The results of the present study also indicated that miR-708 targets SMAD family member 3 directly in vitro. The results of the present study indicated that miR-708 may be a novel target for future HCC therapy.
Introduction
Hepatocellular carcinoma (HCC), the most frequent subtype of primary liver cancer, accounting for between 85 and 90% of liver cancer cases, is currently the third leading cause of cancer-associated mortality worldwide (1) . In the USA, 35 ,660 new HCC cases and 24,550 resulting mortalities were recorded in 2015 (2) . HCC is prevalent in China and the country accounts for >50% of all reported cases (3) . A number of risk factors have been implicated in HCC carcinogenesis and progression, including alcoholic liver disease, non-alcoholic fatty liver disease, liver cirrhosis, and hepatitis B and C infection (4) (5) (6) . Despite advances in HCC treatments, including hepatectomy and liver transplantation, the rapid development of HCC results in poor patient prognosis and a five-year survival rate of <5% (7, 8) . The primary challenges in the diagnosis and treatment of HCC include, poor early stage detection, distal metastasis and intrahepatic recurrence following surgery (9) . An improved understanding of the underlying molecular mechanisms of HCC initiation and progression may provide novel effective therapeutic targets for the treatment of HCC, and improve prognosis.
MicroRNAs (miRNAs) represent a group of highly conserved, short non-coding RNA molecules of ~22 nucleotides in length (10) . miRNAs negatively modulate protein expression through imperfect complementary sequence pairing to the 3' untranslated regions (3'-UTRs) of their target mRNAs, leading to subsequent mRNA degradation or translational repression (11, 12) . A total of >1000 miRNAs have been identified in mammals; however, the biological role of miRNA in carcinogenesis and cancer progression remains unclear (13, 14) . Increasing evidence suggests that abnormal miRNA expression contributes to alterations in numerous cancer-associated processes, including proliferation, cell cycle progression, apoptosis, survival, migration, invasion and metastasis (15, 16) . The dysregulation of miRNAs has been reported in various types of human cancer, including human HCC, using miRNA detection systems (17) (18) (19) . These miRNAs may function as tumour suppressors or oncogenes, and thus may be efficient prognostic biomarkers of HCC tumorigenesis and progression (20, 21) . miRNAs may also become effective targets in HCC therapy.
The expression and function of miRNA-708 (miR-708) has been studied in several types of human cancer (22, 23) . The present study investigated the expression patterns, biological roles and underlying mechanisms of miR-708 in HCC. miR-708 was observed to be significantly downregulated in HCC tissue samples and cell lines. Reduced miR-708 expression was significantly associated with increased HCC tumour stage. Furthermore, ectopic miR-708 expression led to decreased cell proliferation, migration and invasion through the direct targeting of SMAD family member 3 (SMAD3). Cell transfection. A mature miR-708 mimic and scrambled miRNA mimic negative control (miR-NC) were purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). The sequence of the miR-708 mimic was 5'-AAG GAG CUU ACA AUC UAG CUG GG-3'. The sequence of the miR-NC mimic was 5'-UUC UCC GAA CGU GUC ACG UTT-3'. Cells were seeded into six-well plates at between 60 and 70% confluence and transfected with the miRNA mimics using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) reagent according to the manufacturer's protocol.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA was extracted from homogenised tissue samples and cell lines using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). cDNA was synthesised using a TaqMan ® MicroRNA Reverse Transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. qPCR was performed using the TaqMan MicroRNA Assay kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) and an Applied Biosystems ® 7900HT Fast Real-Time PCR system (Thermo Fisher Scientific, Inc.). The sequences of the primers used were as follows: miR-708 forward, 5'-CGG CGG AAG GAG CTT ACA ATC TA-3' and reverse, 5'-GTG CAG GGT CCG AGG-3'; and U6 forward, 5'-CTC GCT TCG GCA GCA CAT ATA CT-3' and reverse, 5'-ACG CTT CAC GAA TTT GCG TGT C-3'. The thermocycling conditions were as follows: 95˚C for 10 min; 40 cycles of denaturation at 95˚C for 15 sec and annealing at 60˚C for 1 min; followed by a final elongation step at 72˚C for 10 min. U6 spliceosomal RNA was used as the endogenous control. Fold changes in relative expression were calculated using the 2 -ΔΔCq method (24) .
Cell proliferation assay. The Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto, Japan) assay was used to verify the effect of miR-708 expression in HCC on cell proliferation. A total of 3000 transfected cells (100 µl) were seeded into each well of a 96-well plate. The cells were subsequently incubated at 37˚C for 24, 48, 72 and 96 h and at each time point the CCK-8 assay was performed. A total of 10 µl CCK-8 reagent was added and incubated at 37˚C for an additional 2 h. The absorbance was determined at a wavelength of 450 nm using a microplate reader (Thermo Fisher Scientific, Inc.).
Cell migration and invasion assays. Transwell ® chambers (8 µm; Corning Incorporated, Corning, NY, USA) and Matrigel ® (BD Biosciences, Franklin Lakes, NJ, USA)-coated Transwell chambers were inserted into 24-well plates and used in cell migration and invasion assays, respectively. A total of 1x10 5 transfected cells (300 µl) in FBS-free DMEM were added to the upper Transwell chamber. A total of 500 µl DMEM containing 20% FBS was added to the lower Transwell chamber. Cells were incubated at 37˚C for 12 h (migration assay) and 24 h (invasion assay). Subsequently, remaining cells in the upper chamber were removed using a cotton-tipped swab. Migratory and invasive cells in the lower chamber were fixed with 100% methanol, stained with 0.5% crystal violet (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) and washed with PBS. Migratory and invasive cells in five randomly selected visual fields were counted using a light microscope.
Western blotting. Total protein was isolated from transfected cells 72 h following transfection using radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology, Haimen, China) containing protease and phosphatase inhibitors. The protein concentration was determined using a Bicinchoninic Acid Protein Assay kit (Beyotime Institute of Biotechnology). Equal masses of total protein (20 µg) were separated using SDS-PAGE on a 10% gel (Beyotime Institute of Biotechnology) and transferred to polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). Following blocking in 10% skimmed milk at room temperature for 2 h, the membranes were incubated with rabbit anti-human monoclonal SMAD3 antibody (1:1,000; cat. no. 9523s; Cell Signaling Technology, Inc., Danvers, MA, USA) and mouse anti-human monoclonal β-actin antibody (1:1,000; cat. no. sc-47778; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at room temperature for 4 h. The membranes were subsequently washed five times with TBS and Tween 20 and incubated with an anti-rabbit (1:2,000; cat. no. sc-2004; Santa Cruz Biotechnology, Inc.) or anti-mouse (1:2,000; cat. no. sc-2005; Santa Cruz Biotechnology, Inc.) horseradish peroxidase-conjugated secondary antibody for 2 h at room temperature. Protein bands were detected using the Pierce™ ECL Western Blotting Substrate (Pierce Biotechnology, Inc., Rockford, IL, USA), and Quantity One ® software (version 4.62; Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Dual luciferase reporter assay. Dual luciferase reporter assays were used to confirm whether SMAD3 is a direct target of miR-708. HCC cells were seeded into 24-well plates at a density of between 50 and 60% confluence, and transfected with the miRNA mimics and plasmids containing the wild-type SMAD3 3'-UTR (pMIR-SMAD3-3'UTR Wt) or a mutated SMAD3 3'-UTR (pMIR-SMAD3-3'UTR Mut; both GenePharma Co., Ltd.) using Lipofectamine 2000. A total of 48 h following transfection, a Dual-Luciferase Reporter Assay system (cat. no. E1910; Promega Corporation, Madison, WI, USA) was used to determine firefly and Renilla luciferase activities. Renilla luciferase activity was used as the internal control.
Statistical and bioinformatic analysis. The putative miR-708 target genes were predicted by bioinformatic analysis using the miRanda database (www.microrna.org). Values are presented as the mean ± standard deviation of triplicate data and were compared using the Student's t-test. Statistical analysis was performed using SPSS (version 17; SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

miR-708 is downregulated in HCC tissues and cell lines.
To evaluate the biological role of miR-708 in human HCC, RT-qPCR analysis was performed to measure miR-708 expression in HCC and adjacent wild-type tissue samples. As shown in Fig. 1A , miR-708 expression was significantly decreased in HCC tissue samples compared with the adjacent wild-type tissue samples (P=0.023). In addition, miR-708 expression in the HCC cell lines HepG2 and SMMC-7721, and normal hepatic cell line L02, was analysed. As shown in Fig. 1B , miR-708 was also significantly decreased in the HCC cell lines compared with the wild-type cell line (HepG2, P= 0.012; SMMC-7721, P= 0.017). These results suggest that miR-708 is involved in the regulation of HCC malignancy.
Association between miR-708 expression and HCC tumour stage. The association between decreased miR-708 expression and HCC tumour stage was investigated. Statistical analysis demonstrated that miR-708 expression in early (I-II) and advanced (III-IV) tumour stages was significantly decreased compared with the non-neoplastic tissues (P= 0.034; Fig. 2A ; P=0.026; Fig. 2B ). In addition, significantly decreased miR-708 expression was observed in advanced stage HCC tissue samples compared with the early stage HCC tissue samples (P= 0.030; Fig. 2C ). These results indicate that decreased miR-708 expression level is associated with increased HCC tumour stage.
Increased miR-708 expression inhibits HCC cell proliferation.
To investigate the role of miR-708 in HCC, a miR-708 mimic was transfected into HepG2 and SMMC-7721 cells. Following transfection, RT-qPCR was performed to evaluate the transfection efficiency, and miR-708 expression was observed to be significantly increased in miR-708-transfected HepG2 (P=0.00000013) and SMMC-7721 (P=0.00000036) cells compared with the miR-NC-transfected cells (Fig. 3A) . Cell proliferation assays were performed to assess the effect of miR-708 expression on cell proliferation. As shown in Fig. 3B , miR-708 overexpression inhibited cell proliferation in HepG2 and SMMC-7721 cells compared with the miR-NC-transfected cells. A total of 96 h following transfection, cell proliferation was inhibited by 33.24±3.5 and 27.83±2.7% in miR-708-transfected HepG2 (P=0.018) and SMMC-7721 (P=0.021) cells, respectively.
miR-708 inhibits cell migration and invasion of HCC.
Cell migration and invasion assays were performed to investigate the role of miR-708 in the regulation of metastasis in HCC. As shown in Fig. 4 , miR-708 overexpression resulted in the significant suppression of migration in HepG2 (P=0.033) and SMMC-7721 (P=0.024) cells compared with the miR-NC-transfected cells. In addition, miR-708 overexpression led to a significant decrease in the number of invasive HepG2 (P=0.020) and SMMC-7721 (P=0.026) cells compared with the miR-NC-transfected cells (Fig. 4) . These observations suggest that miR-708 is a negative regulator of HCC metastasis.
miR-708 directly targets the 3'-UTR of SMAD3.
To further understand the underlying mechanism of miR-708, bioinformatic analysis was performed and a number of candidate target genes were identified. SMAD3, an oncogene in numerous types of cancer (25, 26) , was selected for further study due to the putative miR-708 target sequences contained within the SMAD3 3'-UTR (Fig. 5A) . The dual luciferase reporter assay was performed to evaluate the interaction between miR-708 and the SMAD3 3'-UTR. As shown in Fig. 5B , miR-708 
miR-708 suppresses SMAD3 protein expression in HCC cells.
To evaluate the effect of miR-708 expression on SMAD3 protein expression, western blotting was performed in HepG2 and SMMC-7721 cells following miRNA transfection. The results demonstrated that SMAD3 was significantly downregulated in the miR-708-overexpressing HepG2 (P=0.013) and SMMC-7721 (P=0.017) cells compared with the miR-NC-transfected cells (Fig. 6) . These results suggest that miR-708 negatively regulates SMAD3 protein expression by directly binding to the 3'-UTR of SMAD3 mRNA.
Discussion
Previous studies have indicated that 1/2 of miRNAs are located in the fragile or oncogene-associated regions of chromosomes, suggesting that abnormally expressed miRNAs are associated with carcinogenesis and cancer progression (27) . miRNAs regulate gene expression at the post-transcriptional level via sequence-specific binding to the 3'-UTR of target mRNAs (28) . A single miRNA is able to regulate various mRNAs (29, 30) . miRNAs may therefore present a novel therapeutic target in the treatment of human cancer, including HCC (31,32) . To investigate the function of miRNAs in carcinogenesis and cancer progression, aberrant miRNA expression must be validated, and the biological role of miRNA in cancer initiation and progression investigated.
miR-708 is dysregulated in multiple types of cancer, and previous studies (22, 23) reported that miR-708 was downregulated in renal cell carcinoma and prostate cancer. Guo et al (33) observed that miR-708 expression is low in human glioblastoma. By contrast, miR-708 was observed to be upregulated in non-small cell lung cancer, childhood common precursor B-cell acute lymphoblastic leukaemia and bladder carcinoma (23, 34, 35) . In the present study, it was demonstrated that miR-708 expression was decreased in HCC tissue samples and cell lines. Decreased miR-708 expression was associated with HCC tumour stage. These results suggest that miR-708 expression is tissue specific. miR-708 also has important roles in several types of human cancer. In human glioblastoma, ectopic expression of miR-708 suppresses cell growth and invasion, and increases apoptosis by negatively regulating multiple target mRNAs, including AKT serine/threonine kinase 1, cyclin D1, matrix metalloproteinase 2, enhancer of zeste 2 polycomb repressive complex 2 subunit, poly (ADP-ribose) polymerase 1 and B-cell lymphoma 2 apoptosis regulator (33) . In renal cell carcinoma, ectopic expression of miR-708 represses cell proliferation, clonality and motility, and increases apoptosis by inhibiting zinc finger E-box binding homeobox 2 and BMI1 proto-oncogene polycomb ring finger (22) . In prostate cancer, downregulation of miR-708 leads to a significant increase in tumour occurrence and development, through the direct targeting of cluster of differentiation 44 and AKT2 (36) . In addition, Li et al (37) reported that miR-708 was downregulated in HCC and was associated with increased Edmondson-Steiner grading and tumour node metastasis stage. In the present study, ectopic expression of miR-708 was demonstrated to repress HCC motility. These findings indicate that miR-708 is a tumour suppressor in human cancer. However, miR-708 has also been demonstrated to function as an oncogene in human cancers. For example, in non-small lung cancer, miR-708 expression is significantly associated with an increased risk of death following adjustment for clinically-relevant factors, including age, gender and tumour stage (23) . Furthermore, decreased miR-708 expression has been demonstrated to decrease cell growth and metastasis in vitro by targeting transmembrane 88 mRNA (23) . In the present study, ectopic expression of miR-708 suppressed cell proliferation, migration and invasion by inhibiting SMAD3 protein expression. miR-708 serves important roles in multiple types of cancer, and may therefore be a therapeutic target in their treatment.
The identification of cancer-specific miRNAs and their target genes is essential in understanding the role of these miRNAs in HCC carcinogenesis and progression, and in developing novel targeted therapies. In the present study, SMAD3 mRNA was identified to be a direct target of miR-708 in HCC. Bioinformatic analysis predicted SMAD3 to be a target of miR-708 and this was confirmed using luciferase reporter assays, which demonstrated direct binding of miR-708 to the SMAD3 3'-UTR. Western blotting demonstrated that miR-708 reduced SMAD3 protein expression in HCC cell lines. These findings suggest that miR-708 acts as a tumour suppressor in HCC by directly targeting SMAD3.
The transforming growth factor (TGF)-β signalling pathway has an important function in numerous cellular processes, including differentiation, growth, evasion of immunosurveillance, metastasis and neoplasia (38, 39) . The TGF-β signalling pathway is mediated by a type I receptor, a type II receptor and SMAD proteins (40) . SMAD3 is the central mediator of the TGF-β signalling pathway (40) and functions as an oncogene in numerous types of cancer. In lung carcinoma, decreased SMAD3 expression significantly decreases cell migration and invasion (25) . SMAD3 also serves an important role in epithelial-to-mesenchymal transition, which is essential in metastasis (26) . In HCC, SMAD3 is upregulated and significantly associated with poor prognosis (41) . Therefore, investigation into novel SMAD3-targeted HCC therapies is warranted.
SMAD3 is regulated by multiple miRNAs in numerous types of cancer. In colorectal cancer, miR-140 decreases cell migration and invasion through the regulation of SMAD3 (42). Liu et al (43) reported that miR-34b functions as a tumour suppressor in pancreatic cancer by repressing SMAD3 protein expression. In lung adenocarcinoma, ectopic expression of miR-136 inhibits metastasis by targeting SMAD3 (44) . Furthermore, in nasopharyngeal cancer, miR-145 suppresses metastasis through the inhibition of SMAD3 protein expression (45) . In the present study, miR-708 negatively regulated SMAD3 protein expression, leading to a subsequent reduction in HCC cell proliferation, migration and invasion. miR-708 may therefore be a novel target of HCC treatment.
In conclusion, the present study demonstrates that miR-708 is significantly downregulated in HCC and associated with increased tumour stage. miR-708 decreases cell proliferation, migration and invasion by directly targeting SMAD3 mRNA in HCC. Identification of miR-708 targets may provide an in-depth understanding of the potential underlying mechanisms of carcinogenesis and progression in HCC. miR-708 may be a novel target for future HCC therapy. 
